Introduction
Silicon nanowire (SiNW) MOSFETs, illustrated in Fig. 1 , have been attracting increasing attention because of their excellent gate electrostatic control [1, 2] . Acoustic phonons in nanostructures are modulated by the interface between acoustically different materials, and therefore they differ from bulk phonons. It is important in accurately predicting device performance to reveal the impacts of such acoustic phonon modulation on electron transport. Recent studies have reported that the modulation enhances electron scattering and has appreciable impacts on electron transport in SiNWs [3, 4, 5] . In these studies, however, acoustic phonons in a free-standing SiNW were used and the influences of additional phonon modulation induced by gate insulators were ignored. There have been no works on the influences with the exception of Ref. [6] , in which the challenging structure, a SiNW coated with diamond, has been studied. In this work, we theoretically study modulated acoustic phonons and their interactions with electrons in a free-standing SiNW (SiNW/vacuum) and a SiNW coated with the standard gate insulator, SiO 2 (SiNW/SiO 2 ). The role of the SiO 2 shell is investigated by comparing the results between the two structures. Figure 2 shows our model of (a) a SiNW/vacuum and (b) a SiNW/SiO 2 . Assuming cylindrical wire structures consist of isotropic elastic continuums, acoustic phonon normal modes are categorized into two types according to whether vibration is symmetric about the z-axis (m p =0) or not (|m p |=1, 2, 3 . . . ). The axisymmetric modes are further categorized into two submodes: torsional modes having only azimuthal displacement, and dilatational modes having radial and axial displacement. The anti-axisymmetric modes are generally referred to as flexural modes and their displacement fields have all three components. Among these three modes, dilatational and flexural modes contribute to electron scattering via the deformation potential, while torsional modes do not because they are pure transverse waves and do not cause local volume changes. The phonon frequencies allowed for a given phonon quantum number in the θ-direction m p and wavevector along the z-axis q z are discrete and show branches in the q z -space shown in Fig. 3 . In a SiNW/SiO 2 , the gaps between the branches become narrower with increasing the shell thickness.
Modulated Acoustic Phonons

Electron-Modulated-Acoustic-Phonon Interactions
The elastic acoustic deformation potential (ADP) scattering rate of electrons in SiNWs can be written as 1
where (m, m ) and (n, n ) are the electron quantum numbers of confinement before/after the scattering in terms of the θ-and r-direction, respectively, (k z , k z ) the wavevectors along the z-axis, (E, E ) the energies, D ac the ADP constant, k B the Boltzmann constant, T L the lattice temperature, v l the longitudinal sound velocity, and ρ the mass density. The form factor I mn,m n (q z ) is the wave function overlap between electrons and acoustic phonons. The differences between different acoustic phonons appear only through the form factor. Figure 4 shows the form factor calculated for a SiNW/vacuum using modulated acoustic phonons, plotted as a function of q z a. In this calculation, electron wave functions in an infinite potential well are used. Note that the form factor at small q z a is larger than that for bulk phonons. This increase directly leads to an increase in the electron scattering rate and a reduction in the mobility as shown in Figs. 5 and 6. In addition, the dependence of the form factor increase on the wire material can be written as ζ ≡ (2 + 3(λ/µ)) −1 [4] , where λ and µ are the Lamé constants of the wire material. Using this universality on ζ, we derived compact formulae of the acoustic phonon modulation effects for an ultrafine free-standing NW made from arbitrary material, in a manner similar to that reported in Ref. [7] . The resulting form factor and mobility from the compact formulae are shown by the cross marked line in Fig. 4 and the thick dotted lines in Fig. 6 , respectively. Figure 7 shows the form factor calculated using modulated acoustic phonons in a SiNW/SiO 2 , plotted for different shell thicknesses. The form factor increase becomes smaller with increasing the shell thickness, which indicates that the electron scattering enhancement and mobility reduction due to acoustic phonon modulation could be suppressed by thickening the SiO 2 shell. The increase, however, would remain even for the infinite thickness due to the acoustically mismatched interface of Si/SiO 2 , as also implied by Fig. 8 . The figure shows the increase at q z a = 0 plotted as a function of the shell thickness. The results for a SiNW coated with an insulating material having the same acoustic parameters as Si are also shown in the figure, and decrease as the inverse square of the total radius, a + t ox .
Conclusion
We have theoretically studied electron-modulated-acousticphonon interactions in a free-standing SiNW and a SiNW coated with a SiO 2 shell, and shown the form factor is larger than that for bulk phonons, which increase enhances the electron scattering and reduces the mobility. It was also found that the acoustic phonon modulation effects in a SiNW coated with a SiO 2 shell could be suppressed by thickening the shell. A b s t r a c t s o f t h e 2 0 0 9 I n t e r n a t i o n a l C o n f e r e n c e o n S o l i d S t a t e D e v i c e s a n d M a t e r i a l s , S e n d a i , 2 0 0 9 , p p 1 1 1 0 -1 1 1 1 In the calculation, electrons were assumed to be confined to the SiNWs. The form factor increase becomes more suppressed with increasing the shell thickness.
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